Desai LP, Chapman KE, Waters CM. Mechanical stretch decreases migration of alveolar epithelial cells through mechanisms involving Rac1 and Tiam1. Am J Physiol Lung Cell Mol Physiol 295: L958 -L965, 2008. First published September 19, 2008; doi:10.1152/ajplung.90218.2008.-Mechanical ventilation can overdistend the lungs or generate shear forces in them during repetitive opening/closing, contributing to lung injury and inflammation in patients with acute respiratory distress syndrome (ARDS). Repair of the injured lung epithelium is important for restoring normal barrier and lung function. In the current study, we investigated the effects of cyclic mechanical strain (CS), constant distention strain (CD), and simulated positive end-expiratory pressure (PEEP) on activation of Rac1 and wound closure of rat primary alveolar type 2 (AT2) cells. Cyclic stretch inhibited the migration of wounded AT2 cells in a dose-dependent manner with no inhibition occurring with 5% CS, but significant inhibition with 10% and 15% CS. PEEP conditions were investigated by stretching AT2 cells to 15% maximum strain (at a frequency of 10 cycles/min) with relaxation to 10% strain. AT2 cells were also exposed to 20% CD. All three types of mechanical strain inhibited wound closure of AT2 cells compared with static controls. Since lamellipodial extensions in migrating cells at the wound edge were significantly smaller in stretched cells, we measured Rac1 activity and found it to be decreased in stretched cells. We also demonstrate that Tiam1, a Rac1-specific guanine nucleotide exchange factor, was expressed mainly in the cytosol of AT2 cells exposed to mechanical strain compared with membrane localization in static cells. Downregulation of Tiam1 with 100 M NSC-23766 inhibited activation of Rac1 and migration of AT2 cells, suggesting its involvement in repair mechanisms of AT2 cells subjected to mechanical strain. cyclic strain; mechanotransduction; guanine nucleotide exchange factor; GTP-Rac1 MECHANICAL VENTILATION IS the main supportive therapy for acute respiratory distress syndrome (ARDS) patients. Reduction in tidal volume from 12 ml/kg to 6 ml/kg reduced the mortality rate of ARDS patients (1) in a randomized clinical trial. Patients are now ventilated using a lung-protective strategy, low tidal volume (Vt), coupled with the use of positive end-expiratory pressure (PEEP). The use of lower tidal volumes is thought to reduce damage to the epithelial cells caused by overdistention of air-filled alveoli, whereas PEEP is thought to prevent damage caused by repeated collapse and reopening of alveolar units (21, 38, 39) . Both high tidal volume mechanical ventilation and the absence of PEEP in injury models have been shown to induce epithelial injury in animals (13, 17, 18, 44, 59 ).
MECHANICAL VENTILATION IS the main supportive therapy for acute respiratory distress syndrome (ARDS) patients. Reduction in tidal volume from 12 ml/kg to 6 ml/kg reduced the mortality rate of ARDS patients (1) in a randomized clinical trial. Patients are now ventilated using a lung-protective strategy, low tidal volume (Vt), coupled with the use of positive end-expiratory pressure (PEEP). The use of lower tidal volumes is thought to reduce damage to the epithelial cells caused by overdistention of air-filled alveoli, whereas PEEP is thought to prevent damage caused by repeated collapse and reopening of alveolar units (21, 38, 39) . Both high tidal volume mechanical ventilation and the absence of PEEP in injury models have been shown to induce epithelial injury in animals (13, 17, 18, 44, 59 ).
Epithelial damage is one of the hallmark features of acute lung injury, and recovery is dependent on repair of the epithelial barrier. We and others have examined factors involved in in vitro alveolar epithelial repair mechanisms including serum and transforming growth factor-␣ (32), soluble fibronectin (20) , interleukin-1␤ (22) , keratinocyte growth factor (2), vascular endothelial growth factor (51), ␤-agonists (47) , and focal adhesion kinase and RhoA (13) . However, few studies have examined how changes in the levels of mechanical forces may impact epithelial injury and repair. In vitro models using alveolar type 2 (AT2) epithelial cells have demonstrated the effects of mechanical stretch on changes in tight junctions (4) , loss of epithelial barrier permeability (3), stretch-induced cell injury and death (3, 61) , plasma membrane wounding and resealing (63, 64) , the release of inflammatory cytokines (28) , and reactive oxygen species production (6) . Other studies have simulated epithelial injury caused by collapse and reopening using a bubble propagation model that leads to epithelial injury (27, 31) . While many studies have focused on mechanical stress-induced injury, few studies have examined how increased mechanical stresses might alter epithelial repair mechanisms. We previously demonstrated that cyclic mechanical stretch inhibited repair of wounded bronchial epithelial cells (53) , but no previous studies have examined the effect of mechanical stretch on wound healing of alveolar epithelial cells. Furthermore, the signaling pathways important in these repair processes that are affected by mechanical stretch have not been clearly defined.
Epithelial wound healing involves cell spreading, migration, and proliferation, but proliferation usually occurs in the latter stages of repair. Migration involves spreading of cells at the wound edge, where the cells extend into thin, sheet-like processes known as lamellipodia. These lamellipodia are regulated by the small GTPase Rac1 in response to a variety of stimuli, including growth factors and extracellular matrix (49, 55) . Rho-GTPases function as molecular switches, cycling between an active GTP-bound and an inactive GDP-bound state. This cycling is regulated by guanine nucleotide exchange factors (GEFs), which facilitate exchange of GDP for GTP. The Rac-specific GEF, T-lymphoma invasion and metastasis 1 (Tiam1), has been demonstrated to regulate migration (25, 29, 50) , cell-matrix adhesion (25, 41) , and cell-cell adhesion (33, 37) by modulating the actin cytoskeleton (9, 37, 60) through Rac1. A previous study demonstrated that equibiaxial stretch caused decreased Rac1 activity in rat aortic smooth muscle cells, NIH/3T3 cells, and mouse embryonic fibroblasts (29) . In another study, Kawamura et al. (30) found that activation of Rac1 localized in the caveolar compartment in neonatal rat cardiomyocytes was essential for sensing externally applied force and transducing this signal to the actin cytoskeleton. We hypothesized that mechanical stretch decreases alveolar epithelial repair through mechanisms involving downregulation of Tiam1/Rac1 signaling. In the current study, we used an in vitro model of cyclic mechanical stretch, constant distention, and simulated PEEP conditions to investigate AT2 repair processes and the roles of Tiam1 and Rac1.
MATERIALS AND METHODS
Reagents. DMEM, penicillin-streptomycin, trypsin-EDTA solution, and PBS were purchased from GIBCO Life Technologies (Grand Island, NY). FBS obtained from Hyclone (Logan, UT) was heatinactivated at 56°C for 30 min and used in the medium. HEPES, KCl, MgCl 2, Triton X-100, SDS, sodium vanadate, PMSF, aprotinin, and leupeptin were purchased from Sigma (St. Louis, MO). Tween 20 was from Bio-Rad (Hercules, CA). NSC-23766, a specific inhibitor of Tiam1, was a gift from Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, Division of Cancer Treatment and Diagnosis, National Cancer Institute. Rhodamine-phalloidin, DAPI, and SlowFade were obtained from Molecular Probes (Eugene, OR).
Cell culture. Primary rat AT2 cells were isolated according to the methods described previously (13, 14) . The animal use protocol was approved by the Institutional Animal Care and Use Committee. Briefly, AT2 cells were isolated from male Sprague-Dawley rats by elastase digestion and differential adherence on IgG-coated dishes. AT2 cells were identified using Nile Red (Sigma) staining of lamellar bodies, and Ͼ90% of the cells were Nile Red-positive on day 2. We used Bioflex plates coated with a rat lung fibroblast matrix deposited by RLF-6 cells (American Type Culture Collection) for stretching AT2 cells (13) . Freshly isolated cells were seeded to confluence at 3.5 ϫ 10 6 cells/well in AT2 culture medium (DMEM with 10% heat-inactivated FBS, 4 mM glutamine, 1% penicillin/streptomycin, and 0.25 M amphotericin B), and experiments were performed on day 2 after isolation. A549 cells were cultured on plastic six-well plates in DMEM with 10% FBS.
Application of mechanical strain. Strain was applied using a Flexercell FX-4000T tension unit (Flexcell International, Hillsborough, NC), a vacuum-driven device that applies biaxial strain to cells cultured on Silastic membranes. AT2 cells were cyclically stretched (CS) using strain levels of 5%, 10%, and 15% linear elongation at frequencies of 10 -30 cycles/min (cpm). We investigated PEEP conditions by subjecting AT2 monolayers to a maximum strain of 15% with partial relaxation to 10% strain at a frequency of 10 cpm (10 -15% CS). In addition, we exposed AT2 cells to 20% constant distention (CD; 0% relaxation). Preliminary studies demonstrated that AT2 cells did not remain adherent with cyclic stretch above 15% strain or with a frequency of 30 cpm with 15% strain, and these conditions were not subsequently used.
Lamellipodial width measurements. AT2 cell monolayers were wounded and then treated with or without stretch for 16 h. After treatment, monolayers were fixed and stained for F-actin with 20% rhodamine-phalloidin (RP) solution for 30 min (12) . Wells were rinsed with 2 ml of Dulbecco's phosphate-buffered saline (DPBS) and aspirated, and the membrane was cut out and placed cell-side down on a square microscope glass coverslip (Fisher Scientific, Pittsburgh, PA) with the wound perpendicular to one of the axes. Images of the RP staining (at least 12 images/well) at the wound edge of the membrane were acquired using Metamorph Imaging software (version 4.6; Universal Imaging, West Chester, PA). Lamellipodial width (m) was calculated as lamellipodial area divided by wound edge length along the perimeter.
Cell migration. To measure cell migration, confluent monolayers of AT2 or A549 cells were wounded by scraping a pipette tip across the monolayer to produce initial wounds of ϳ1,100 m. Cells were washed with DPBS, medium containing 10% serum with or without NSC-23766 was added, and cells were immediately exposed to static or stretch conditions. Images were collected with a Cool Snap cooled charge-coupled device camera (Roper Scientific, Trenton, NJ) mounted on an Eclipse TE300 inverted microscope with a ϫ4 phase contrast objective (Nikon, Melville, NY) using Metamorph imaging software. Images were obtained at the initial time of wounding and then at various times 24 h postwounding, and data were analyzed as described previously (12, 13) . Metamorph software was used to record the coordinates for each wound location using a computercontrolled stage so that the same location was used for each measurement. AT2 cell proliferation is minimal in culture during this time (52) . All results reported are from at least three independent wells from three separate experiments (n ϭ 9).
Determination of activated Rac1. Rac1 activity assays were performed according to the manufacturer's instructions (Upstate Cell Signaling Solutions, Lake Placid, NY). AT2 cells subjected to sham conditions or mechanical strain (3 wells pooled per measurement) were washed with ice-cold Tris-buffered saline (TBS) and lysed using 400 l of lysis buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 10 mM MgCl 2, 1 mM EDTA, 2% glycerol, 10 g/ml leupeptin, 10 g/ml aprotinin, and 1 mM sodium vanadate). Cell lysates were centrifuged at 14,000 g at 4°C for 10 min, and an equal volume of the lysates was incubated with glutathione-S-transferasep21-activated kinase for Rac1 at 4°C for 45 min. The beads were pelleted by brief centrifugation (10 s, 14,000 g, 4°C) and washed three times with the lysis buffer. GTP-bound Rac1 was solubilized in Laemmli sample buffer and detected by Western blot analysis as described below, using anti-Rac1 (1:200; Santa Cruz Biotechnology). Blots were then incubated with IgG-horseradish peroxidase antimouse (MP Biomedicals, Aurora, OH) at a 1:1,000 dilution for 1 h at room temperature (RT).
Cytosolic and membrane fraction preparations. AT2 monolayers subjected to sham conditions or mechanical strain were washed with cold DPBS. Cells (6 wells pooled/measurement) were lysed with buffer containing 10 mM Tris, pH 7.4, 1.5 mM MgCl2, 5 mM KCl, 0.2 mM sodium vanadate, 1 mM PMSF, 1 g/ml aprotinin, and 1 g/ml leupeptin and then centrifuged at 14,000 rpm at 4°C for 10 min; the cell pellet was discarded. Aliquots of the supernatant were collected as "total" protein fraction and were subjected to ultracentrifugation at 100,000 g at 4°C for 45 min. The supernatant was collected as the "cytosolic" fraction, and the pellet was redissolved in the lysis buffer, sonicated briefly on ice, and collected as the "membrane" fraction. Protein concentrations of the total, cytosolic, and membrane fractions were determined by the bicinchoninic acid (BCA) protein assay and were subjected to SDS-PAGE and immunoblot analysis as described below, using anti-Tiam1 (1:200; Santa Cruz Biotechnology). Blots were then incubated with IgG-horseradish peroxidase anti-rabbit (Amersham, Piscataway, NJ) at a 1:1,000 dilution for 1 h at RT.
SDS-PAGE. Protein concentration was determined by the BCA protein assay method, resolved by 4 -12% SDS-PAGE, and electrophoretically transferred onto nitrocellulose membranes. Membranes were blocked 1 h in 5% TBS containing 0.01% Tween 20 (TBST) and incubated overnight at 4°C in 1% TBST with the appropriate primary antibody. Membranes were washed with TBST and then incubated with the secondary antibody for 1 h at RT. Immunoreactive proteins were detected with Supersignal West Dura Extended chemiluminescent substrate (Pierce Biotechnology, Rockford, IL). Images of blots were acquired using the MultiImager chemiluminescence imaging system (Bio-Rad Fluor-S; Bio-Rad, Hercules, CA) and quantitated using Bio-Rad Quantity One imaging software.
Statistical analysis. All values are presented as means Ϯ SE. Statistical analysis was performed with the SigmaStat statistical package (version 3.5; Jandel Scientific, San Rafael, CA). A t-test was used when only two groups were compared, and one-way ANOVA with the Holm-Sidak method was performed for comparisons of multiple treatments to determine significant differences between individual conditions. Significant differences were determined based on a threshold of P Ͻ 0.05.
RESULTS

Mechanical strain inhibited migration of alveolar epithelial cells.
We investigated migration of alveolar epithelial cells by wounding confluent monolayers of rat AT2 cells cultured on an RLF-6 matrix and exposing them to varying levels of CS. As shown in Fig. 1A , cells under static conditions migrated to 52.9% of the original wound after 24 h. Cells exposed to 5% CS at a frequency of 30 cpm (1 s of stretch and 1 s of relaxation) were unaffected by mechanical stretch, whereas cells stretched at 10% CS (30 cpm) migrated significantly slower than static cells (73.2% of original wound width remaining after 24 h). When cells were stretched with 15% CS and 10 cpm (3 s of stretch and 3 s of relaxation), 82.7% of the original wound width remained after 24 h. Increased levels of CS and higher frequencies with 15% CS caused significant cell detachment from the membranes, and these conditions were not examined further.
To mimic PEEP conditions, we used a model in which we stretched AT2 cells at 15% CS at a frequency of 10 cpm (3 s of stretch and 3 s of relaxation) and allowed relaxation to only 10% strain (10 -15% CS). In addition, we investigated the effect of 20% CD on migration of AT2 cells to simulate conditions in which no relaxation occurs. After 24 h, the wound widths were 54.4%, 82.7%, 68.5%, and 66.7% of the original wound width for static, 0 -15% CS, 10 -15% CS, and CD, respectively. Cell migration was significantly inhibited by 0 -15% CS, 20% CD, and by conditions simulating PEEP (10 -15% CS, Fig. 1B ). In addition, the inhibition due to 0 -15% CS was significantly greater than the inhibition due to CD or 10 -15% CS (PEEP).
Mechanical strain inhibited lamellipodial extensions. Since the early stages of wound healing involve cell spreading and migration of cells, we investigated the effect of mechanical strain on lamellipodial formation at the wound edge. Figure 2A shows F-actin staining in cells migrating at the wound edge after 16 h and indicates the approach for measurement of lamellipodial width. As shown in Fig. 2B , CS (0 -15%) for 16 h caused a significant reduction in lamellipodial width compared with unstretched cells.
Rac1 activity is inhibited by mechanical strain. Since lamellipodial extensions are regulated by Rac1, we investigated whether the stretch-induced inhibition of lamellipodial extensions was due to decreased Rac1 activity. Figure 3A shows that Rac1 activity was significantly decreased in AT2 cells subjected to 2 h of 0-15% CS, and the inhibition remained after 12 h of CS. Figure 3 , B and C, indicate that 10 -15% CS (PEEP) and CD conditions also significantly decreased Rac1 activity after 2 and 12 h.
Mechanical strain caused translocation of Tiam1 to the cytosol. Tiam1, a GDP-GTP exchange factor specific for RacGTPase, contributes to the cytoskeletal reorganization required during cell migration. To determine whether the stretchinduced decrease in Rac1 activity was due to changes in Tiam1 localization, we quantified levels of Tiam1 expression in total, cytosolic, and membrane fractions of AT2 cells subjected to mechanical strain. Tiam1 localization to the membrane has previously been demonstrated to increase Rac activity (43) . Figure 4 demonstrates that total Tiam1 levels remained unaltered following exposure to each type of mechanical strain, but mechanical strain induced cytosolic localization (Fig. 4A ) of Tiam1 compared with membrane localization (Fig. 4B) seen in static controls. The increased cytosolic localization was significant after both 2 and 12 h of mechanical strain.
Inhibition of Tiam1 downregulated Rac1 activity and inhibited migration of A549 and AT2 cells. To determine whether Tiam1 activity was necessary for Rac1-mediated cell migration, we used a specific inhibitor of Tiam1, NSC-23766. We observed a concentration-dependent inhibition of GTP-Rac1 in AT2 cells treated for 12 h with NSC-23766 with maximal inhibition with 100 M NSC-23766 (data not shown). AT2 cells treated with 100 M NSC-23766 showed significant inhibition of activated Rac1 after 2 and 12 h (Fig. 5A) . In addition, we observed that inhibition with 100 M NSC-23766 caused delayed wound closure in both A549 and AT2 cells (Fig. 5B) . These results are consistent with our data demonstrating that downregulation of activated Rac1 leads to inhibition of migration of AT2 cells exposed to mechanical strain.
DISCUSSION
Ventilator-induced lung injury (VILI) is known to significantly contribute to the high mortality associated with ARDS (1, 65). Mechanical ventilation with lung-protective strategies involving low tidal volumes and the use of PEEP is the recommended approach for patients with ARDS (36) . ARDS results in heterogeneous lung injury, with areas of acutely injured stiff and noncompliant lung regions adjacent to areas of normal lung compliance. Consequently, the pressures required to inflate the injured lung areas are much higher than those needed to inflate the healthy or more compliant regions. This results in shunting of excessive tidal volume into the healthy lung, causing injury by either alveolar overdistention (10, 15, 16) or recruitment/derecruitment (8, 58, 59) . In a recent study using an intact rat model, Sinclair et al. (56) measured deformation of small airways in vivo during mechanical ventilation Fig. 3 . Mechanical strain inhibited Rac1 activation. Confluent monolayers of AT2 cells on RLF matrix were exposed to mechanical strain for 2 and 12 h. GTP-Rac1 levels in AT2 cells exposed to static conditions, cyclic strain (0 -15% CS) (A) and 10 -15% CS (PEEP) conditions (B), and constant distention strain (CD) (C) were determined via a pull-down assay; a representative blot is shown at the top of each panel. The bar graphs summarize the data expressed as means Ϯ SE, from 4 independent experiments, the values of which are expressed as the ratio of active GTP-bound Rac1 to total Rac1. #P Ͻ 0.05 vs. static controls at 2 and 12 h. in the presence of PEEP and found that mechanical ventilation results in significant airway mechanical strain that is heterogeneously distributed in the uninjured lung. Animals ventilated with PEEP exhibited higher overall mechanical strain, but the changes in strain during a breath were smaller compared with animals ventilated without PEEP.
Although numerous studies have demonstrated the role of mechanical forces in causing injury to the lung epithelium, few studies have examined the role of mechanical forces in the repair processes. The rapid regeneration of a continuous alveolar epithelium in VILI is critical for restoring normal lung function and occurs on a substrate undergoing cyclic deformation. Since the effect of mechanical strain on the repair mechanisms of alveolar epithelial wounds was not previously demonstrated, we investigated wound healing of AT2 cells subjected to different types of mechanical strain. We found that low levels of cyclic stretch, 5%, had no effect on cell migration, but levels of 10% and above caused significant inhibition (Fig. 1) . In preliminary studies, we found that AT2 cells grown on collagen-or fibronectin-coated Silastic membranes (collagen I plates as provided by Flexcell and coated with human plasma fibronectin) rapidly dissociated from the membrane when stretched cyclically at levels above 10%. To overcome this limitation, we first cultured rat lung fibroblasts on the membranes and then removed the fibroblasts and cultured the AT2 cells. Using this approach, we were able to stretch cells up to 15% without cell detachment. Cavanaugh and Margulies (3) previously reported that AT2 cells grown on matrix deposited by day 5 cultures of AT2 cells tolerated higher levels of mechanical stretch. A limitation of these approaches, however, is that the matrix deposited by the RLF-6 or AT2 cells is undefined. We attempted to minimize potential variation in matrix composition by controlling passage number, seeding densities, and days in culture. Another variable in our experiments was the frequency of stretch. Increasing the amplitude of stretch from 5% to 10% caused a significant inhibition of cell migration when the frequency was kept constant at 30 cycles/min (Fig. 1) . When we increased the amplitude to 15% stretch with 30 cycles/min, the morphology of the AT2 cells changed, and they detached from the membrane. Therefore, we could not accurately measure wound 4 . Mechanical strain caused translocation of Tiam1 from membrane to the cytosol. Confluent monolayers of AT2 cells on RLF-6 matrix were exposed to mechanical strain for 2 and 12 h. Cells were lysed, aliquots of total fraction withdrawn, and cell lysates further subjected to high-speed centrifugation to prepare the cytosolic and membrane fractions. The total, cytosolic (A), and membrane (B) levels of Tiam1 were assessed by Western blotting. The blots are representative of 3 independent experiments from separate isolations, and the bar graphs summarize the densitometry data expressed as means Ϯ SE; n ϭ 3 independent experiments. #P Ͻ 0.05 vs. static controls at 2 and 12 h.
healing with the higher levels of stretch and the higher frequency (0 -15% and 30 cycles/min). In previous studies with bronchial epithelial cells, we showed that higher frequencies of stretch (or more accurately, shorter intervals of relaxation in a cycle) inhibited cell migration to a greater extent than lower frequencies (53) . We also found in the current study that higher levels of stretch (20%) with 10 cycles/min caused cell detachment, and wound closure could not be measured. Thus, we restricted the reported results to those conditions that did not cause cell detachment. While others have reported that AT2 cell proliferation does not occur until after 3 days in culture (52), we did not measure proliferation in our studies, and thus we cannot rule out the possibility that stretch also inhibited proliferation.
Few studies have directly measured the deformation of alveolar epithelial cells in an intact alveolus to define the levels of mechanical stain. Perlman and Bhattacharya (48) recently measured the deformation of alveolar segments in surface alveoli of isolated rat lungs. They found that inflation from an alveolar pressure of 5 cmH 2 O to 20 cmH 2 O (considered to be hyperinflation) resulted in changes in alveolar segment lengths averaging between 10 and 20%, although there was substantial heterogeneity. Steinberg et al. (57) also demonstrated significant alveolar deformation in surfactant-deactivated lungs. Our findings suggest that low levels of cyclic stretch (Յ5%) would have little effect on epithelial cell migration, but that higher levels of inflation (Ն10%) would lead to inhibition of cell migration. We simulated PEEP using an in vitro model of 15% maximum strain at a frequency of 10 cpm with relaxation to 10% (10 -15% CS) and compared it to 15% maximum strain at a frequency of 10 cpm (0 -15% CS) and CD (20%). We also found that 15% CD caused inhibition of cell migration (data not shown). Our data demonstrate that PEEP and CD had less inhibitory effects than CS on the migration of AT2 cells (Fig.  1B) . However, inhibition of Rac activity was similar under all strain conditions. We speculate that this may be due to differential effects on other factors important in wound closure such as RhoA activation and remodeling of focal adhesions. Ventilation strategies involving PEEP (10 -15% CS) and CD, compared with 0 -15% CS, may be beneficial in terms of accelerated migration of AT2 cells. These results are consistent with our previous study demonstrating that CS at 20% maximum strain with a frequency of 30 cpm inhibited migration of human and cat airway epithelial cells (53) .
Migration involves reorganization of the actin cytoskeleton and requires Rho-GTPases. RhoA activation induces cell contractility, whereas Rac1 promotes cell spreading. The reciprocal balance between these GTPases determines both cell morphology and migration. In our previous study, we demonstrated that both RhoA and Rac are required for efficient migration of human bronchial epithelial cells (12) . We also recently demonstrated that RhoA activity was significantly increased in AT2 cells isolated from rats ventilated with a high tidal volume (25 ml/kg) and that cell migration was significantly decreased in AT2 cells expressing a constitutively active from of RhoA (13). We have not yet examined Rac1 activity in vivo. In support of our current findings involving lamellipodial extensions in the current study (Fig. 2) , it has been reported that NIH/3T3 cells plated on flexible substrates exert less tension and also show increased rates of lamellipodial activity and motility compared with cells on rigid substrates (11, 46) . In another study, adhesion of fibroblasts to surfaces coated with high concentrations of fibronectin inhibited Rac1 activation and decreased migration, compared with moderate coating densities (11) . Mechanical stretch has previously been shown to increase Rac1 activity in a mouse myoblastic cell line (C2C12) (34) and in the intestinal epithelial cell line CaCo-2 (7), whereas others have demonstrated a stretch-induced decrease in Rac1 activity in rat aortic smooth muscle cells (29) and in rat gastric mucosal cells RGM1 (45) . However, stretchinduced effects on Rac1 signaling have not previously been demonstrated in AT2 cells. Because we measured a significant decrease in AT2 cell migration in cells exposed to cyclic stretch (Fig. 1) , we hypothesized that mechanical strain caused decreased Rac1 activation that led to inhibition of lamellipodial spreading (Fig. 2) . We observed decreased Rac1 activity in cells exposed to CS, PEEP, and CD conditions after both 2 and 12 h (Fig. 3) , consistent with our measurements of inhibition of wound healing. A limitation of our approach was that our measurements of Rac1 activity were made in unwounded cells exposed to cyclic stretch, whereas our measurements of wound healing were made in monolayers with a single wound exposed to stretch. It would be impractical to measure Rac1 activity in a monolayer with a single wound because there would not be a sufficient percentage of the cells near the wound edge to detect a change in activity. In addition, when we applied multiple wounds to the monolayer and subjected the cells to cyclic stretch, there was a loss of the epithelial sheet integrity, cell-cell contacts were lost, and cell rounding occurred. This did not occur when stretch was applied to monolayers with a single wound. Therefore, we do not believe that monolayers stretched with multiple wounds can be reliably compared.
Rho-GTPases cycle between the active GTP-bound state and the inactive GDP-bound state (24, 62) . The Rho proteins become activated through interaction with a class of positive regulators, the Dbl family guanine nucleotide exchange factors, which facilitate GTP binding to Rho GTPases (5, 54, 67) . It has been demonstrated that the Rac1-specific GEF Tiam1 (Tlymphoma invasion and metastasis 1) regulates migration, cell-matrix adhesion, and cell-cell adhesion by modulating the actin cytoskeleton through the Rac-GTPase (23, 26, 40, 60) . Therefore, in the present study, we examined the specific role of Tiam1 in the migration of mechanically stretched AT2 cells. Our results demonstrated that Tiam1 is translocated from the membrane to the cytosolic fraction of mechanically stretched cells (Fig. 4) . This translocation of Tiam1 correlated with reduced Rac1 activity, decreased lamellipodial extensions, and inhibition of cell migration. Since Tiam1 localization to the cytosol is known to decrease Rac1 activity, our results suggest, but do not definitively prove, that stretch-induced inhibition of cell migration was in part caused by Tiam1 translocation. To support our hypothesis, we treated cells with the Tiam1 inhibitor NSC-23766. NSC-23766 is a small-molecule inhibitor of Rac-GTPase targeting Rac1 activation by GEF. It was identified by applying a structure-based virtual screening approach to search for Rac-GEF interaction-specific small-molecule inhibitors (19) . When we blocked Rac1 activation using the Tiam1 inhibitor, migration of both AT2 cells and A549 cells was significantly inhibited. Recent studies have demonstrated that increased Tiam1 expression correlates with increased cell migration in keratinocytes, endothelial cells, breast carcinoma cells, and Schwann cells (25, 35, 42, 66) . Moissoglu et al. (43) investigated in vivo dynamics of Rac1 utilizing a photobleaching method and found that overexpression of Tiam1 decreased the dissociation rate constant k (off) of membrane-bound Rac, most likely by converting membrane-bound GDP-Rac to GTPRac. In the current study, we demonstrated the novel findings that 1) Tiam1 regulated Rac1 activity in alveolar epithelial cell migration, and 2) mechanical stretch induced translocation of Tiam1 from membrane to cytosol.
Our study demonstrates a previously unrecognized role of Tiam1 in the migration of AT2 cells exposed to mechanical strain. We observed that cytosolic localization of Tiam1 leads to downregulation of Rac1 activity, decreased lamellipodial extensions, and inhibition of migration of alveolar epithelial cells exposed to mechanical strain. Identification of the molecular mechanisms regulating wound closure of AT2 cells will help in the development of ventilatory and pharmacological therapeutic strategies aimed at preventing the deleterious effects of mechanical ventilation.
